Abstract--Biotite in deeply weathered granitic rocks in southwestern Australia has altered to exfoliated grains composed of biotite, mixed-layer clay minerals, kaolinite, vermiculite, gibbsite, goethite, and hematite. Discrete vermiculite and vermiculite-dominant mixed-layer clay minerals are not major weathering products. Oxidation of octahedrai iron in biotite is associated with ejection of octahedrai cations, loss of interlayer K, and a contraction of the b-dimension of the biotite sheet. Si, Mg, Ca, Mn, K, and Na are lost from biotite during weathering, and Ti, Al, Ni, and Cr are retained. Fe and water have been added to the grains during weathering. Much Fe occurs as aggregates of microcystailine, aluminum-rich goethite particles on flake surfaces and within etchpits, with smaller amounts occurring as hexagonal arrangements of lath-shaped crystals of goethite on flake surfaces.
INTRODUCTION
Biotite in soils is considered to be an important source of potassium and minor elements for plants, and a large number of workers have been prompted to investigate the morphological, mineralogical, and chemical features affecting the release of ions from biotite during synthetic weathering (see recent reviews by Reichenbach and Rich, 1975; Fanning and Keramidas, 1977) . In laboratory experiments biotite alters to vermiculite or mixed-layer clay minerals, whereas the products of natural weathering may also be kaolinite, halloysite, illite, smectite, chlorite, and sesquioxides. In contrast to the abundant data on synthetic weathering products there is relatively little published information dealing with the nature of naturally weathered biotite grains. This paper describes some morphological, mineralogical, and chemical properties of altered biotite grains from deeply weathered soil profiles on granitic rocks in southwestern Australia.
SAMPLING AND METHODS
Altered biotite grains were obtained from deeply weathered Archean granitic rocks (adamellites) exposed in a railway cutting at Jarrahdale, a bauxite mining center 45 km southeast of Perth, Western Australia. The typical lateritic soil profile at this locality is about 10 m deep and consists of the following horizons: sandy gravel and duricrust, ferruginous zone, mottled zone, pallid zone, saprolite, and parent rock. Detailed map-1 Permanent address: Department of Soil Science, Kasetsart University, Bangkok, Thailand.
ping and mineralogical examination of these soils have shown that the saprolite and pallid zone materials derived in situ from the underlying granitic rocks (Sadleir and Gilkes, 1976) .
Five-kilogram samples wereAaken from various levels in the saprolite and pallid zones and from the parent materials at two adjacent sites (R, L profiles), and from a third site 200 m distant (B profile). Undisturbed subsamples were impregnated with Araldite F resin and thin sectioned for optical examination. Altered biotite grains (-1 mm) were separated from the bulk samples using a combination of gentle dispersion, sedimentation, sieving, magnetic and density fractionation, and hand-picking under a stereomicroscope. Some specimens were separated into grains that sank in bromoform (heavy) and those that floated (light).
The composition of altered biotite grains was determined by X-ray diffraction (XRD) using a Gandolfi single crystal camera (Gandolfi, 1967) with Fe-filtered cobalt radiation. XRD patterns of random powders were obtained using a Philips diffractometer with cobalt radiation. Accurate measurements of the spacing of the 060 reflection were obtained by automatic step-scanning over the 20 range 70.5-71.7 ~ Counts were accumulated for 20 seconds at 0.02 ~ intervals and peak positions located graphically. Basally oriented preparations of finely ground altered biotite on porous ceramic plates were analyzed by XRD after the various pretreatments mentioned below.
Bulk samples of grains from various horizons of each profile were finely ground, saturated with Ca, and dried at 105~ prior to chemical analysis. Minor amounts of quartz and other impurities were present in all samples. Fe, AI, Si, Ca, K, Mg, Ti, and Mn were determined by X-ray fluorescence spectrometry after fusion in a lithium borate-lanthanum oxide flux following the method of Norrish and Hutton (1969) . Zn, Ni, Cr, and Na were determined by atomic absorption spectrophotometry after dissolution in mixed hydrofluoric and perchloric acids. Ferrous iron was determined by dichromate titration after dissolution of samples in mixed HCI and HF acids under a nitrogen atmosphere. Water content was determined by ignition of 900~ The reliability ot the analytical procedures was checked by analysis ot standard mineral specimens.
Whole altered biotite grains were impregnated with epoxy resin and polished sections made either parallel or normal to the biotite cleavage for qualitative electron microprobe analysis using an ARL-SEMQ instrument.
Altered biotite grains were investigated by scanning electron microscopy (SEM) using a Philips PSEM 500 instrument. Specimens were mounted on aluminum stubs and coated with a 20-A layer of gold in a vacuum evaporator. Biotite flakes were mounted for SEM examination both normal and parallel to the cleavage plane. Some flakes were cleaved with a needle along nonexfoliated planes; others were pulled apart with cellulose adhesive tape to expose fresh surfaces. Platinum-shadowed carbon replicas of cleaved surfaces were prepared to provide more detail of the morphology of fine-grained alteration products by transmission electron microscopy (TEM) using a Hitachi HU IIB instrument. Freshly exposed cleaved surfaces were also gently scraped with a scalpel blade to remove surface materials for TEM examination and selected area electron diffraction (SAD).
RESULTS AND DISCUSSION

Morphological properties
A representative series of optical micrographs illustrating the progressive alteration of biotite grains is shown in Figure 1 . Fresh biotite in the parent materials exhibited high birefringence and pleochroism which decreased with increasing alteration. Within a single horizon in the saprolite and pallid zones, grains at various stages of alteration occurred. The most altered grains occurred closer to the surface. Biotite flakes in contact with quartz were less altered than those in contact with feldspar. At an early stage of alteration exfoliation and infilling with alteration products occurred. Measurements of the average distance between opened cleavages are shown in Figure 2 and substantiate the qualitative impression given by the micrographs in Figure 1 by demonstrating a systematic increase in exfoliation towards the surface. Altered biotite flakes from the saprolite showed SEM features consistent with those observed in thin sections. Extensive exfoliation has occurred, and finegrained alteration products coated grain surfaces (Figure 3A) . In the fragile, highly exfoliated pseudomorphs occurring in the pallid zone, deposits of fine-grained secondary minerals were noted between widely exfoliated layers ( Figure 3B ). The basal surfaces of these flakes are highly etched, and extensive regions of finegrained alteration products are present on the surfaces ( Figure 3C ).
The smooth surfaces exposed by the cellulose adhesive tape technique showed rolling-up of micaceous materials and were heavily but discontinuously coated with fine-grained alteration products. In some regions small (-0.1 • 0.01/zm), lath-shaped crystals were arranged in hexagonally oriented patterns. These alteration products were commonly present in concavities or etch pits within the fiat micaceous surfaces which were bounded by 20-to 200-A deep steps (Figure 4 ). Electron and X-ray diffraction patterns showed that much of the fine-grained material and the hexagonally oriented laths consisted ofgoethite (Gilkes and Suddhiprakarn, 1979) . Basal surfaces exposed by cleaving with a needle corresponded to nonexfoliated or more difficult cleavages and showed more extensive smooth micaceous areas with little fine-grained material.
The detailed morphology of the fine-grained alteration products was investigated by TEM on scrapings from basal surfaces of exfoliated flakes from the pallid zone. A great variety of materials was observed of which the following types were most abundant. Micaceous fragments were very common ( Figure 5A ), their SAD patterns commonly showed superimposed hk0 nets with d(060) = 1.53/~ indicating that they consist of several fragments of a trioctahedral layer-silicate at different orientations within the (001) plane ( Figure  5B ). The moir~ patterns observed in the images of these flakes are consistent with this interpretation (Suito and Nakahira, 1971) . Many micaceous fragments contain or are coated with aggregates of very fine-grained (0.02 ~m) alteration products which may be kaolinite or goethite ( Figure 5C ). Hexagonal orientations of lathlike goethite are present on mica ( Figure 5D ) or as discrete particles ( Figure 5E ).
Eswaran and co-workers (Eswaran and Heng, 1976; Eswaran and Bin, 1978) described pseudomorphs of biotite from tropical soils which consisted of mixtures of mixed-layer minerals, tubular halloysite, kaolinite, and goethite. In the present work, however, tubular halloysite was not found to be a weathering product of biotite despite its presence as the major weathering product of associated feldspars. Also, Eswaran and coworkers found goethite as intersecting, 1-/xm size lameUae at the edges of flakes in horizons of iron oxide accumulation. They suggested that this coating inhibited further alteration of the enclosed mixed-layer mineral. It was not present on iron-deficient pseudomorphs in the pallid zone. In the present work, goethite was found as aggregates of microcry stalline material on the surface of flakes and within open cleavages, with lesser amounts as laths arranged in hexagonal orientations. Jackson et al. (1973) also found fine-grained hydrous oxide crusts on intermittent cleavage surfaces in naturally weathered micaceous vermiculite. The crusts resembled the cleaved surfaces associated with early stages of biotite alteration in Jarrahdale specimens. Microcrystalline iron oxides and clusters of fragile tubes (halloysite?) were observed on cleaved surfaces of weathered biotites from Scottish soils (Farmer et al., 1971) . These authors observed hexagonally arranged laths of/3-FeOOH (akaganrite) on cleaved surfaces of vermiculites oxidized in bromine water; however,/3-FeOOH does not occur in soils (Schwertmann and Taylor, 1977) , and the hexagonally arranged crystals found in the present work are goethite.
Mineralogical properties
The relative bulk mineralogy of altered biotite flakes was estimated semiquantitatively by XRD (Figure 6 ). Small amounts of quartz, feldspar, and hornblende occur as inclusions in biotite grains. Biotite, vermiculite, and various mixed-layer clay minerals with different proportions of biotite and vermiculite are major constituents of altered biotite grains from every horizon. Goethite, kaolinite, and gibbsite are also present in R and L profiles; whereas gibbsite, goethite, and hematite are present in samples from B profile. The d spacings of the goethite indicate that 15-20 mole % AIOOH is present in solid solution in this mineral (Norrish and Taylor, 1961) . XRD patterns between 2 and 16 ~ 20 of basally oriented preparations of altered biotites are shown in Figure 7 . These specimens had not been treated with a salt solution to replace the exchangeable cations since this pretreatment causes biotite to exchange some structural K with consequent modification of the XRD pattern. Little difference between the XRD patterns of light and heavy fractions was noted. Unaltered biotite is present in some specimens in association with mixedlayer clay minerals and probably represents both unaltered biotite grains and biotite cores of weathered Similar poorly ordered structures can be reproduced in the laboratory by partial oxidation of structural iron in biotite and exchange of K by hydrated cations in some alternate interlayer (Gilkes, 1973; Norrish, 1973) . The proportion of biotite layers in the mixed-layer phases was estimated from the basal spacings on the assumption that the minerals are composed only of 10-/~ biotite and 14-/~ vermiculite layers (Ruiz-Amil et al., 1967; Gilkes, 1973) . For each specimen, biotite layers in excess of those needed for perfectly regular alternation of layers are present, i.e., using the nomenclature of Ruiz-Amil et al. (1967) , the proportion of 10-/~ layers, p(10/~), was more than 0.5. It seems probable that once the hydrobiotite-like mineral formed, subsequent alteration mainly produced kaolinite, goethite, gibbsite, and hematite, rather than discrete grains of vermiculite or a mixed-layer clay mineral with excess vermiculite layers [p(10 ~) < 0.5]. Laboratory weathering experiments have shown that mixed-layer clay minerals with p(10 A) < 0.5 do not usually form in Kdepleted oxybiotites; instead, a vermiculite fringe [p(10 ]k) = 0.0] develops around grains (Gilkes, 1973) . Similarly, K-fixation by vermiculites only produces mixedlayer clay minerals with p(10/~) > 0.5 (Rhoades and Coleman, 1967; Sawhney, 1967) .
Vermiculite is present only as a minor constituent in altered biotite specimens, although it readily develops when these specimens are treated with potassium-free 1 M MgC12 ( Figure 8C ). Oxidation probably preceded 
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Depth functions of the spacing of the 060 reflection of micaceous layers in altered biotite grains from the Jarrahdale deeply weathered profiles.
or accompanied K-exchange from biotite in these profiles, while potassium levels in ground waters were too high to enable the development of much discrete vermiculite or vermiculite-dominant mixed-layer clay mineral from the oxidized biotite. The hydrobiotite-like mineral subsequently altered to kaolinite, goethite, gibbsite, and hematite rather than to vermiculite. Treatment of altered biotite with 1 M KCI solution altered the XRD pattern but failed to fully collapse the vermiculite layers to l0/~ ( Figure 8A ). Diffraction patterns of the K-saturated specimens show a progressive increase in the abundance of vermiculite in the mixedlayer phase and an increasing proportion of kaolinite towards the surface of the soil. Clearly, most vermiculite layers did not collapse on K-saturation.
The morphological data show that fine-grained weathering products are present in scattered etchpits or concavities in mica surfaces, with the exception of exfoliated surfaces which are more highly etched and commonly thickly coated. The XRD patterns of K-saturated specimens which were heated to 400~ are consistent with this morphology since the mixed-layer minerals collapsed to give broadened 10-/~ reflections ( Figure 8B ) indicating the presence of coherently diffracting packets of biotite layers that are smaller than those present in fresh biotite. Even in the highly altered biotite, most interlayers are not occupied by goethite or other weathering products, although some layers contain such deposits and therefore do not collapse to a 10-/~ spacing. Thus, the average size of coherently diffracting biotite zones decreased substantially on weathering resulting in broadened 10-/~ reflections (Klug and Alexander, 1974) . The very highly altered biotite from specimen 5R displayed a greatly broadened basal reflection at 10.2/~ after this treatment.
The position of the weak 060 reflection of residual altered biotite was estimated by drawing tangents to curves obtained by automatic step-scanning since maxima and centroid positions of the reflections could not be accurately determined due to their broad, flattopped shape. In a few cases insufficient material or interference by a 1.54-/~ quartz reflection prevented direct measurement. The 060 spacing decreases systematically towards the surface of each of the three profiles ( Figure 9 ). Several authors have indicated that the b-dimension of micaceous minerals is related to chemical composition (Brindley and MacEwan, 1953; Radoslovich, 1963 Radoslovich, , 1975 . A reduction in the content of K and octahedrally coordinated cations and an oxidation of Fe 2+ result in a decrease in b-dimension. Under natural weathering conditions, changes in the nature of octahedral cations in biotite are usually associated with replacement of K by hydrated cations. Leonard and Weed (1970) showed by laboratory weathering experiments that the b-dimension of trioctahedral micas increases slightly on K-exchange. Artificial weathering studies of biotite involving both K-exchange and sub- Figure 10 . Changes in the FeO/MgO ratio and b-dimension of micaceons layers in altered biotite grains from the Jarrahdale deeply weathered profiles. The theoretical curve was calculated from the relationship derived by Brindley and MacEwan (1953) and the experimental curve is for artificially weathered biotite investigated by Gilkes et al. (1972) .
stantial modification of the octahedral layer (Farmer et al., 1971 , Gilkes et al., 1972 have shown a marked decrease in the b-dimension, in agreement with the results reported here. The chemical composition of the residual micaceous layers in these specimens could not be determined due to the presence of kaolinite, gibbsite, goethite, and hematite. Neither Fe z+ nor Mg is likely to be a significant constituent of these alteration products; thus, the ratio of these elements in the altered biotite represents the ratio in the residual micaceous layers. The plot of Fe2+/ Mg vs. d(060) in Figure 10 shows a trend similar to the trends predicted by the theoretical formula of Brindley and MacEwan (1953) and the experimental results of Gilkes et al. (1972) . Exact agreement would not be expected in either case. The theoretical formula requires a knowledge of the total chemical composition of the residual micaceous layers which cannot be determined. The chemical composition of the biotite used by Gilkes et al. (1972) differs from that of the biotite in the Jarrahdale profiles so that different b-dimensions would be anticipated 9 However, the similar trends support the concept that the b-dimension of residual mica layers reflects changes occurring in the nature of the octahedral cations due to oxidation of Fe 2+ and ejection of octahedral cations.
Chemical properties
Fresh biotite in the parent granitic rock (adamellite) has the following structural formula based on 44 charge units per unit cell: (Sis.66A12.34)(Tio.17A10.zaFeo.9~a+Fe1.352+ Mng.052+Zn0.01Mgz.66)O2o(OH)4M1.79 +. The interlayer cation is denoted as M + since some Kand Na were replaced during Ca-saturation. The incorporation of structural hydroxyl and water into secondary minerals during alteration resulted in dilution of all elements in the altered biotite grains. Furthermore, the ratio of residual elements was effectively increased by losses of the mobile elements K, Mg, etc. Consequently, absolute losses and gains of elements from weathering biotite grains can only be estimated by use of a reference element that is uniformly distributed in the original phase and wholely residual (immobile) 9 Various elements, including Ti, Zr, and AI, have been used for this purpose in pedological studies 9 Relative changes in the chemical composition of altered biotite grains are shown in Figures 11 and 12 where Ti has been used as the wholely residual element 9 The Ti concentration is almost constant for altered grains from each profile so that the observed trends in chemical composition do not depend on the choice of reference. Titanium was originally present mainly in octahedral sites in biotite and as rare inclusions of futile. Titanium probably remains in residual micaceous layers and as small crystals of anatase. Zirconium cannot be used as the reference element as it occurs mainly as zircon inclusions which are not uniformly distributed in biotite grains.
The behavior of major elements during weathering is generally consistent with the mineralogical results described above. The development of mixed-layer clay minerals and vermiculite was associated with the oxidation of most of the Fe 2+ and losses of some interlayer cations. Magnesium also decreased due to the formation of kaolinite and goethite from biotite and to the ejection of some Mg from octahedral sites due to oxidation of Fe 2+. Extensive formation of kaolinite and Figure 13 . Electron-microprobe X-ray images showing the heterogenous distribution of AI, Fe, K, Mg, and Si in an altered biotite flake sectioned perpendicular to the cleavage. BSE--Back-scattered electron image; SEC--Secondary electron image. sesquioxides higher in the profiles resulted in major losses of K, Ca, Na, and Mg. The water content increased markedly with the increasing abundance of hydrous minerals. Aluminum was wholly residual, being present in the secondary minerals gibbsite, kaolinite, and aluminous goethite, and the remaining micaceous minerals. Some Si remained as resistant quartz, but most was present as micaceous minerals and kaolinite.
In each profile the Fe content of altered biotite grains increased. Iron may have been introduced into the porous, exfoliated grains via solution and precipitated as aluminous goethite. Mn and Zn behaved similarly to Mg in that once released from octahedral sites in the remaining micaceous layers, they were removed by leaching. These elements were not retained by the secondary minerals despite the reported association with iron oxides in soils (Mitchell, 1964) .
Ni and Cr, however, also present in the octahedral layer of the original mica, exhibited a strongly residual character in L and R profiles. Neither element is normally found in kaolinite or gibbsite, so both are probably present as structural constituents of goethite. Chromium was also wholly residual in B profile, consistent with its ability to substitute for Fe a+ in hematite which comprises a significant proportion of the Fe in altered biotite grains in the upper horizons of this profile. Additional Cr may have been introduced from solution. Substantial losses of Ni occurred which may be a consequence of the incompatibility of Ni with the hematite structure.
The results described above differ in several respects from those published by Kato (1965) for altered biotite grains. He showed that A1 increased, Na and Si remained constant, and Fe and Mn decreased in concentration. The Ti concentration also greatly decreased so that all elements would have shown a relative increase if Ti had been used as an immobile reference element. The very large differences in Ti concentration in Kato's specimens as well as his questionable separation procedures and mineralogical data indicate that his specimens may not all have been derived from biotites of the same initial composition and thus do not represent a true weathering sequence.
Electron microprobe analysis showed that highly altered biotite grains from the upper horizons of the profiles were heterogeneous ( Figure 13 ). Packets or flakes of altered biotite (Fe-, Al-, Mg-, Si-, K-rich) in exfoliated grains were separated by deposits of secondary minerals (Fe-, Al-rich; Mg-, Si-, K-deficient). This distribution is consistent with optical and electron microscopic evidence which showed the presence ofinfillings and coatings of aluminous goethite, kaolinite, and gibbsite.
The distribution of elements in grains is consistent with the trends in mineralogical and chemical composition of bulk samples of altered biotite grains that were described above. Packets of residual biotite, vermiculite, and mixed-layer clay minerals probably contain most of the Mg, K, Ca, Na, Zn, and Mn in the grains, whereas Fe, Al, Si, Ni, and Cr are present in both these minerals and the secondary minerals. With increasing alteration, the volume of each grain occupied by secondary minerals increased. Although alteration prod-ucts usually occupy parallel zones between flakes of residual micaceous minerals, altered zones develop that extend perpendicular to flakes (see lower righthand part of region shown in Figure 13 ). These regions correspond to the concavities and etchpits in basal surfaces of cleaved grains.
CONCLUSIONS
Biotite weathering is clearly a more complex process than the simple oxidation of iron or changes in the cation-exchange characteristics that occur in laboratory weathering experiments. The relationships between the morphology, mineralogy, and chemistry of weathering biotite grains are depicted in Figure 14 .
Within a single biotite grain, oxidation, cation ejection, K-exchange, and development of secondary minerals occur simultaneously resulting in the formation of a mineralogically complex pseudomorph. Discrete vermiculite and vermiculite-dominant mixed-layer minerals are clearly not the normal weathering products in these soils. Packets of a hydrobiotite-like phase develop within a grain and are progressively replaced by kaolinite, goethite, gibbsite, and hematite. The behavior of major and trace elements released from octahedral and interlayer sites during biotite weathering are strongly influenced by the nature of these mineralogical transformations.
